ABSTRACT Here, we investigated adhesion and invasion of Riemerella anatipestifer (RA) to primary duck embryo fibroblast (DEF) cells. The ability of RA to adhere to, and more importantly, to invade DEF cells was demonstrated by using a gentamicin invasion assay and was confirmed by transmission electron microscopy (TEM). Adhesion of RA could be found by TEM after 1 h of inoculation. Both apoptosis and necrocytosis of DEF were indicated by TEM after 10 h of incubation, which suggested a complex mechanism of DEF cell death induced by RA. Our results showed that internalized RA had the ability to leave the DEF cells. Inhibition studies indicated that RA proteins play a role in adhesion. Moreover, invasion of RA to DEF cells was shown to require rearrangement of actin microfilaments and microtubular cytoskeletal elements. Because the adhesion and invasion ability of RA to DEF cells could be demonstrated in vitro, similar processes might occur in vivo, where DEF cells play a crucial role in the diffusion of RA in ducks.
INTRODUCTION
Riemerella anatipestifer (RA) is a gram-negative, nonmotile, non-spore-forming bacterium. It is rodshaped and occurs as single cells, in pairs, and occasionally in chains. Based on 16S rRNA gene sequence analysis it has been classified as a member of the family Flavobacteriaceae in the rRNA superfamily V (Subramaniam et al., 1997) . Its infection results in a contagious disease of domestic ducks, geese, chickens, and turkeys. It has also been isolated from wild birds and domestic pigs (Hinz et al., 1998) . The disease occurs as an acute or chronic septicemia, characterized by fibrinous pericarditis, perihepatitis, airsacculitis, caseous salpingitis, and meningitis, which can lead to high mortality and consequently great economic losses, and becomes a major disease confronting the duck industry throughout the world.
Riemerella anatipestifer is one of the most important duck pathogens worldwide, but current research of RA mainly focuses on epidemiology, isolation, and identification of pathogenic strains and investigation of drug resistance and vaccines (S. Y. M. E., 2008; Zhong et al., 2009) . Although some pathogenesis-related genes, fragments, or factors have been found (Chang et al., 1998; Weng et al., 1999; Crasta et al., 2002; Tang et al., 2010; Hu et al., 2011) and some immune proteins have been studied (Subramaniam et al., 2000; Huang et al., 2002) , little is known about the pathogenesis of RA, especially about its invasion of host cells. Although studies have shown its invasion of Vero cells (Hu et al., 2011) , these are not host cells RA would interact with in vivo. Bacterial colonization of host cells is considered to be a critical and initial step of pathogenic infection. Improving our understanding of the mechanisms by which these bacteria invade host cells may help to advance the development of effective tools to control the infection.
Nonphagocytic cells can internalize many pathogenic bacteria species, and an important aspect of pathogenesis in several diseases involves bacterial adhesion to host cells that can result in internalization through bacterium-induced endocytosis (Isberg, 1991) . Several pathogenic bacteria can induce their own uptake into nonphagocytic cells, thus allowing the pathogen to enter a protected niche and gain further access to the host (Isberg, 1991; Ireton and Cossart, 1998) . Fibroblasts are increasingly used as a nonphagocytic cell model to test invasive mechanisms of various pathogens (Winner et al., 2000; Al-haj Ali et al., 2004; Dušanić et al., 2009) . Research has shown that culture filtrate of RA could cause duck embryo fibroblast (DEF) cells to alter their membrane, lose, or concentrate their cytoplasm (Li et al., 2008) . Thus, it is important to establish the invasive mechanisms of RA in DEF cells. However, it remains unclear whether RA can actually enter into DEF cells or not.
Currently, an increasing number of serotypes of RA have been reported (Pathanasophon et al., 2002) , of which serotype 1 was reported as the most prevalent isolate in clinical in most regions of China (Cheng et al., 2003) . Therefore, we used serotype 1 to study the invasion of RA. Here, a primary cell culture derived from DEF was developed, and the ability of RA to adhere to and invade DEF cells was demonstrated.
MATERIALS AND METHODS

Bacterial Strain and Culture Conditions
Serotype 1 strain of RA was identified and stored by the Avian Diseases Research Center of Sichuan Agricultural University, China. It was recovered on chocolate agar plate and cultured for 24 to 36 h in a candle cylinder at 37°C. A single colony was selected in tryptone soy broth (TSB), incubated at 37°C with shaking, and harvested in mid-logarithmic growth phase (18 h). Cells were harvested by centrifugation at 960 × g for 10 min at 37°C, washed twice in 10 mM PBS (pH 7.4), and the bacterial density was adjusted to 1 × 10 7 cfu/ mL to use.
Preparation of DEF Cell Culture Monolayers
The DEF cell monolayers were prepared from duck embryos (9 to 11 d old) as described previously (Guo et al., 2009) , with minor modifications. The number of DEF cells was adjusted to 1.0 × 10 6 cells/mL and incubated in minimal essential medium (MEM) supplemented with 100 U/mL of penicillin, 100 µg/mL of streptomycin, and 10% fetal bovine serum. The cells were incubated in 24-well tissue culture plates (Corning) and cell culture mini-dishes (Corning) at 37°C at a humid atmosphere of 5% CO 2 for 24 h, until the cell number per well was about 2.0 × 10 6 . Prior to each assay, the monolayers were washed 3 times with PBS.
Minimum Bactericidal Concentration Test
A broth tube dilution method (Hewitt et al., 1969) was applied to determine the susceptibility of RA to gentamycin (GM) treatment at a concentration of 1 × 10 7 cfu/mL. One mL of 800 µg/mL of GM was serially double diluted with TSB, and 0.1 mL of bacteria at 1 × 10 8 cfu/mL was added to each dilution tube.
The cells were incubated at 37°C for 2 h, after which 3 mL of TSB was added to each tube and the tubes were incubated in a shaking culture in a water bath for 24 h. By visually selecting a clear tube compared with turbid ones, the minimal inhibitory concentration of GM was determined. After spreading 0.1 mL of each clear tube content on chocolate agar to determine the cfu and incubating at 37°C for 24 h, the dilution concentration resulting in less than 5 recovered cfu per plate was determined as the minimum bactericidal concentration (MBC) of GM.
DEF Adhesion Assay
An adhesion assay to quantify total cell-associated (intracellular plus surface-adherent) bacteria was performed as previously described (Vanier et al., 2004) , with some modifications. Briefly, bacteria were pelleted, washed twice with PBS, and resuspended in fresh cell culture medium without antibiotics at 10 7 cfu/mL (multiplicity of infection, 5 bacteria/cell). Confluent monolayers of DEF grown in 24-well plates were infected with 1-mL aliquots of bacterial suspension. The plates were centrifuged at 800 × g for 10 min at 37°C and then incubated in a CO 2 incubator at 37°C for 2, 5, and 8 h, to allow bacterial adhesion. Thereafter, monolayers were washed 6 times with PBS to eliminate nonspecific bacterial attachment; then cells were lysed by adding 0.3 mL of 1% Triton X-100 solution (Gibco) to each well for 5 min. After this incubation period, 0.7 mL of PBS was added and the bacteria were released by repeated pipetting of the monolayers. After serial dilutions, 0.1 mL of the cell lysate was plated onto chocolate agar and incubated for 24 h at 37°C. Levels of adhesion were expressed as the total number of cfu recovered per well. To ensure that a concentration of 1.0 × 10 7 cfu/mL of RA was not toxic to cells at a certain time, the incubation of monolayers with RA at 10 7 cfu/mL lasted 24 h, after which the DEF cells were observed with a phase contrast microscope to check for any morphological changes.
DEF Invasion Assay
An invasion assay to quantify intracellular bacteria was performed in a similar manner to the adhesion assay described above, except that after 2, 5, and 8 h incubation periods, monolayers were washed 3 times with PBS, 1 mL of MEM containing 100 µg of GM was added to each well and the plates were incubated in CO 2 at 37°C for another 3 h. Afterward, monolayers were washed 3 times with PBS. Cells were lysed as described above, and data were expressed as the total number of recovered cfu per well after GM treatment. To ensure that the GM concentrations used were sufficient to kill all extracellular cell-associated bacteria after 3 h of treatment, we used a bacterial concentration similar to the resulting concentration of surface-adhered bacteria as a control. For the intracellular survival assay, an in-vasion assay was performed as described above, except that after a 2-h invasion period, the initial GM treatment was extended for 3, 7, and 10 h. To ensure that the number of intracellular bacteria was not affected by the addition of antibiotics during the incubation period, some experiments were performed by reducing the antibiotic concentrations to 50 µg of gentamicin per mL. Data were expressed as the total number of recovered cfu per well after antibiotic treatment. To detect whether RA can escape DEF cells into the culture medium after invasion for 5 h and incubation in GM medium for 3 h, the number of viable extracellular bacteria after an additional 4 h was determined in fresh bacteria-free and GM-free medium. In addition, after 3 h of incubation with GM, 0.1 mL of GM medium was plated onto chocolate agar to ensure that there were no viable bacteria.
Adhesion and Invasion Inhibition Assay
To test the effects of inhibitors of the formation of microfilaments and microtubules, DEF monolayers were preincubated with cytochalasin B (Sigma) or colchicine (Sigma), respectively. Different concentrations of the inhibitors were added at 37°C for 30 min before the infection with RA, as well as during the 5 h invasion period. Cytochalasin B concentrations of 0.5, 1.0, and 2.0 µg/mL and colchicine concentrations of 5, 10 and 20 µg/mL were used. To study the role of bacterial proteins, RA was treated with proteinase K (Roche, Basel, Switzerland) at 0.5, 1.0, and 2.0 mg/mL for 1 h at 37°C, washed twice in PBS, resuspended in culture medium, and used to infect DEF cells for 3 h.
Electron Microscopy
The DEF cells were grown in 60-mm cell culture mini-dishes. After 3 washes with PBS, RA was added to monolayers as described above and incubated in a CO 2 incubator at 37°C for 1, 5, and 10 h. Culture medium was eliminated, and after 2 washes with PBS the monolayers were fixed for 2 h at 4°C with 2.5% (vol/ vol) glutaraldehyde in 0.1 M PBS (pH 7.3). After 3 washes with PBS for 10 min, cells were collected with a cytology brush, centrifuged at 800 × g for 5 min at 37°C, embedded in 2% agar gel, 1 mm 3 cubes were post-fixed in 2% (vol/vol) osmium tetroxide in deionized water and washed with PBS as before. Specimens were dehydrated in a graded series of acetone solutions and embedded in epoxy resin. Thin sections were cut with a diamond knife on a Leica Ultracut ultramicrotome and post-stained with uranyl acetate and lead citrate. Observation was performed with H-600A-2 electron microscope at different magnifications.
Statistical Analysis
All cellular adhesion and invasion assays were performed in triplicates and repeated 3 times. Statistical analysis was performed through t-test by SAS.
RESULTS
Adhesion and Invasion of DEF Cells by RA
The results of the MBC test showed that GM effectively killed the bacteria at a minimal concentration of 100 µg/mL after incubation for 3 h. The ability of RA to bind DEF cells was demonstrated. As shown in Figure 1a and 1b, RA was able to adhere to DEF cells, and this adhesion ability was time-dependent; RA was also able to enter DEF cells, which also depended on incubation time. After an initial 2-h invasion period and a minimal 3-h treatment with antibiotics, viable RA were found inside DEF up to an additional 10 h of incubation in the presence of antibiotics to exclude any extracellular source of bacteria. The results showed a gradual decrease in the number of viable intracellular bacteria (Figure 2a) , which was highly significant (P < 0.01) after an additional 7 h of incubation with antibiotics. Viable extracellular cells were detected after incubation with fresh bacteria-free and GM-free medium for 4 h as shown in Figure 2b .
Electron Microscopic Observations
Adhesion to and invasion of DEF by RA were confirmed by transmission electron microscopy. After 1 h of incubation, bacteria were found adhering to DEF cell membranes (Figure 1b ). They were observed in close contact with cells; interestingly, both bacteria and cells expressed a swelling at the contiguous site, and the membranes of them tended to fuse. Figure 3a indicated apoptosis of DEF cells after 10 h of incubation, which mainly represented by vacuolation; the nuclei were concentrated at one side of cells near the cell membrane, whereas the karyotheca was clear and integral. A bacterium and some lipid droplets were also found inside cells. Surprisingly, necrocytosis of DEF cells was observed at the same incubation time (Figure 3b) , mainly represented by membranolysis, swelling of cytoplasm and mitochondria, and cells tended to schizolyse; some bacteria were found around cells.
Effect of Microfilament and Microtubule Inhibitors on Invasion
To evaluate the possible role of microfilaments and microtubules in the invasion of DEF by RA, cells were pretreated with cytochalasin B or colchicine, respectively. As shown in Figure 4a , cytochalasin B and colchicine inhibited the invasion of RA serotype 1. Both expressed a concentration-dependent inhibition. A cytochalasin B concentration of 1 µg/mL and a colchicine concentration of 10 µg/mL could have a highly significant inhibitory effect on the invasion of DEF cells by RA (P < 0.01). None of the products used as eukaryotic inhibitors of DEF invasion were shown to be toxic to the DEF or bacteria at the concentrations used (data not shown).
Role of Proteins of RA on Adhesion
To determine whether bacterial proteins play a role in the adhesion of DEF, RA cells were pretreated with proteinase K at a maximal concentration of 2 mg/mL, which did not affect the bacterial viability (data not shown). After the treatment with proteinase K, the adhesion of RA was inhibited to some extent as shown in Figure 4b in a concentration-dependent manner. A concentration of 0.5 mg/mL could significantly inhibit adhesion (P < 0.05), whereas concentrations of 1 and 2 mg/mL had a highly significant inhibitory capability on adhesion (P < 0.01).
DISCUSSION
In this study, the adhesion and invasion assay demonstrated that RA could adhere to and invade DEF cells. To the best of our knowledge, this is the first report on invasion of DEF cells by RA, except its described invasion of Vero cells (Hu et al., 2011) . The adhesion to and invasion of DEF cells indicated that DEF cells could partly participate in the dissemination of RA in hosts. In addition, when cells were incubated with bacteria for 8 h, no change of DEF cells was found, whereas some cells transformed to round even desquamated shapes after 12 h (data not shown). Thus, it was feasible to Figure 1� (a) Kinetics of Riemerella anatipestifer (RA) adhesion and invasion into duck embryo fibroblasts (DEF; multiplicity of infection = 5). The DEF were exposed to RA for the indicated times and then washed extensively to remove nonadherent bacteria for the adhesion test, further treated with GM to kill extracellular bacteria for the invasion test, both followed by further washing and lysis of DEF cells; cell lysates were plated onto chocolate agar to obtain the viable plate count as described in Materials and Methods. (b) Transmission electron micrograph demonstrating adhesion of RA to DEF cell membrane by 1 h of incubation. The arrow indicates that RA was adhering to DEF; both bacteria and cells expressed a swelling at the contiguous site. M, cell membrane; N, nucleus. Bar = 200 nm. Figure 2� (a) Kinetics of intracellular Riemerella anatipestifer (RA). Additional incubation time represents the time after the standard 3-h gentamycin (GM) treatment of the invasion assay. Asterisks indicate a significant difference between the number of intracellular bacteria recovered per well obtained at the additional incubation time and the number obtained after the initial 3-h antibiotic treatment (time, 0 h). *P < 0.05, **P < 0.01. (b) Viable bacteria in fresh bacteria-free and GM-free medium after incubation for 4 h. The level of bacteria was assessed after incubation for another 4 h; as the graph shows, there were very few bacteria at 0 h. assess the adhesion and invasion assay after an incubation period of 8 h. A gentamicin schizolysis assay was used to detect the invasion of RA, as the concentration of GM was crucial to this assay. The MBC test showed that GM at a minimal concentration of 100 µg/mL could effectively kill the bacteria after incubation with RA at 1 × 10 7 cfu/mL for 3 h. Ultra-thin section observation by electron microscopy is a key method to understand the invasion of RA. However, it was difficult to obtain more target images because of a small sample size of ultra-thin sections. Here, RA were found to fuse with the membrane of DEF cells; both bacteria and cells expressed a swelling at the contiguous site. This suggested that some components of both RA and DEF cells might be involved in this adhesion. We hypothesized that bacterial proteins could play a role in this adhesion, so RA was treated with proteinase K before adhesion to DEF cells. Its adhesive ability was decreased to a certain extent, which indicated that RA proteins partially participated in its adhesion. This is consistent with a previous study, which found that RA strains with outer membrane proteins have invasive abilities, whereas strains without outer membrane proteins lack these abilities (Hu et al., 2011). Some vacuoles were found in cells and might be caused by toxins produced by RA, since some bacteria have been reported as being able to secrete vacuolating cytotoxin, which can induce cells vacuolation (Salvadori et al., 2001; Johnson et al., 2011) , and it will be very interesting for us to study whether RA also can secrete this kind of toxin or other related factors. Surprisingly, both apoptosis and necrocytosis of DEF were indicated by transmission electron microscopy after 10 h of incubation. The mechanism of DEF cell death induced by RA appear complex, and further assays, such as lactate dehydrogenase cytotoxicity assays and apoptosis detection assays (Auger et al., 2009) , are required for the standardization of this mechanism.
The cytoskeleton is crucial for the bacterial invasion of cells (Isberg and Nhieu, 1994) . To examine the role of host cytoskeleton components in the invasion process, 2 drugs that disrupt specific host functions were used in invasion assays. Cytochalasin B as an inhibitor of actin polymerization was used to determine the involvement of microfilaments in the RA uptake in DEF cells. The invasive ability in the presence of cytochalasin B was remarkably reduced. To study the role of microtubules in the invasion process of RA, we used colchicine as an inhibitor of microtubule formation. The efficiency of invasion was also reduced in the presence of colchicine. Analysis of RA internalization mechanisms led us to conclude that its entry into DEF cells was dependent on the formation of microfilaments and microtubules. The reorganization of microfilaments and microtubules as host cytoskeleton components was closely required for RA entry into DEF cells. This is similar to other bacterial invasion processes, such as the invasion of porcine brain microvascular endothelial cells by Hemophilus parasuis (Vanier et al., 2006) , and of bovine aortic endothelial cells by Pasteurella multocida (Galdiero et al., 2001) . Hence, internalization of other members from the family Pasteurellaceae might involve similar microfilament and microtubule reorganization.
As some bacteria such as Salmonella and Yersinia can replicate directly in host cells (Falkow et al., 1992) , we hypothesized that RA can survive in DEF cells. Therefore, the number of viable intracellular bacteria was determined at various times. A decrease in the number of intracellular bacteria was found after additional 3 h of incubation in fresh bacteria-free medium with 50 µg/mL of GM. To determine whether RA has the ability to leave cells, the number of viable extracellular bacteria after invasion for 5 h and at an additional 4 h was determined in fresh bacteria-free and GM-free medium. The decreased number of intracellular bacteria and the viable extracellular bacteria indicated that RA has the ability to leave DEF cells, and the decrease in the number of intracellular RA might be partly due to their leaving DEF cells. Whether RA can multiply within DEF cells, however, remains unclear.
In conclusion, our study showed for the first time the ability of RA to adhere to and invade DEF cells in vitro, and that RA can leave DEF cells after invasion. More investigations are required to assess the mechanisms of RA multiplication and DEF cell death induced by RA invasion.
